In this study, we addressed the potential relationship between prominin-1 (prom1) and vascular endothelial growth factor (VEGFA) in diabetes-induced retinopathy. In total, we examined 28 retinas from 14 rats with streptozotocin-induced diabetes and 30 retinas from 15 untreated control rats. ELISA was used to measure the level of prom1 and VEGFA in retinal tissue homogenates. Immunohistochemical techniques were used with antibodies directed against prom1, VEGFA, and CASP-3. After 180 days of diabetes induction, we performed light and electron microscopy studies on rat eyes to evaluate histopathological changes and to estimate the de novo metric "Diabetic Retinopathy Histopathological Index" (DRHI). These changes were then correlated to the tissue and immunoexpression levels of prom1 and VEGFA. The data showed a significant upregulation of the tissue levels and optical densities (ODs) of VEGFA and prom1 immunoreactivity in diabetic retinas compared with controls. Both the tissue levels and OD values of prom1 and VEGFA correlated significantly with each other and to the diabetic structural changes as calculated by DRHI. Taken together, these data provide new insight into the potential role of prom1 and VEGFA in the development of diabetic retinopathy. (J Histochem Cytochem 66:33-45, 2018) 
Introduction
Diabetic retinopathy (DR) is the most common microvascular complication of diabetes mellitus and is a leading cause of visual loss among individuals of working age.
1,2 DR is influenced by vasculopathy and neuropathy. Vasculopathy mostly follows angiogenesis and vasculogenesis, which are dependent on several cytokines and chemokines and their associated tyrosine kinase or G protein-coupled receptors. A key player in both of these processes is vascular endothelial growth factor (VEGFA), also called vascular permeability factor. 2 The underlying mechanism leading to the induction of diabetic neuropathy remains unknown, but hypoxia, ischemia, oxidative stress, and metabolic mechanisms have been implicated. 3 Prominin-1 (prom1) was the first recognized gene of the penta-span transmembrane glycoprotein family and has been found in different epithelial and nonepithelial cells, including stem cells from various sources. 4, 5 In hematopoietic stem cells, endothelial progenitor cells (EPCs) and neuronal stem cells, prom1 is present in the extracellular matrix and is selectively sorted to plasma membrane protrusions. 6, 7 Recently, prom1 has been implicated in a number of genetic disorders that cause photoreceptor (PR) degeneration. 8 Treatment of DR can only be achieved with an enhanced understanding of disease pathogenesis; however, because most structural, functional, and 737484J HCXXX10.1369/0022155417737484VEGFA and Prom1 in the Diabetic RetinaAlmasry et al.
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biochemical studies cannot be performed in human subjects, animal models are essential for studying the pathology of DR and thus for developing new and better treatments.
In this regard, the present study assessed the effect of hyperglycemia on the tissue and protein expression levels of prom1 and VEGFA in the retina of streptozotocin (STZ)-induced diabetic rats. This study reveals factors that could be altered in the retina to potentially promote regeneration.
Materials and Methods

Animal Model
A total of 30 albino rats, aged between 12 and 16 months and weighing 250-300 g, were used in this study. Animals were kept on a standard 12-hr light/dark cycle for 1 week before initiating the experiment and fed standard rodent chow. They were divided randomly into two groups: (1) control group (15 animals) receiving a 40 mg/ kg intraperitoneal injection of a solution of 0.01 M citrate buffer, pH 4.5, and (2) diabetic group (15 animals) receiving 40 mg/kg STZ via intraperitoneal injection on 5 successive days to induce diabetes. 9 Three days after the last injection of STZ, a blood sample was taken from the tail vein and rats with blood glucose above 200 mg/dl were considered STZ-induced diabetic rats. 10 Animals from both groups were housed for at least 6 months under the same housing conditions. During this period, one of the diabetic animals died, leaving only 14 animals in the diabetic group. The experiments were performed in accordance with the National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals. The study was approved by the local institutional experimental research committee.
Specimen Collection
The right eyes were enucleated whole, dissected, and processed either for homogenate analysis using ELISA or transmission electron microscopy (TEM) analysis. The retinas of the left eyes were processed for histological and immunohistochemical analyses.
Tissue Extract for Homogenate Analysis Using ELISA. Using a dissecting microscope, the cornea was carefully sectioned, and all the contents of the anterior segment were removed in one piece to gain access to the posterior segment. Finally, the retina was exposed and collected. Half of the retinas were dissected immediately on ice to prevent degradation by proteases and subsequently processed for ELISA while the other half were processed for TEM.
The total tissue levels of prom1 and VEGFA in the retina were assessed using a sandwich enzyme immunoassay. Tissue extraction buffer was prepared (50 mM Tris, pH 7.5-300 mM NaCl-1 mM EDTA-1% Triton X-100-10 µg/ml aprotinin-0.1 mM benzethonium chloride, 1 mM benzamidine-0.1 mM phenylmethanesulfonyl fluoride). Retinal tissue was placed in a tube containing complete extraction buffer at a concentration of approximately 50 mg/ml and homogenized with an electric homogenizer. After washing the blade twice using the extraction buffer, constant agitation was maintained for 2 hr at 4C. Then, samples were centrifuged for 20 min at 13,000 rpm at 4C. An aliquot of the supernatant was collected (soluble protein extract) and assayed immediately using available commercial kits (cat. no SEB516Hu for prom1 and SEA143Ra for VEGFA; USCN, Houston, TX) with horseradish peroxide detection according to the manufacturer's guidelines. 11, 12 The kits included standard with different concentrations, and the concentration of prom1 and VEGFA in the samples is determined by comparing the optical density (OD) of the samples to the standard curve.
Tissue Preparation for TEM. Specimens for TEM were immediately fixed in 2.5% phosphate-buffered glutaraldehyde (pH 7.4) and post-fixed in 1% osmium tetroxide in the same buffer at 4C. They were then dehydrated and embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate. Sections were examined and photographed using a JEOL JEM 1010 electron microscope (Jeol Ltd; Tokyo, Japan). 13 
Tissue Preparation for Histochemical and Immunohistochemical
Analyses. The left eyeballs were fixed in 4% paraformaldehyde at room temperature immediately after enucleation for 24 hr. The specimens were embedded in paraffin and sectioned at 4 µm. After deparaffinization and rehydration, sections were stained with H&E, Periodic acid-Schiff (PAS), and Masson's Trichrome as described earlier.
14 For immunohistochemistry, a standard immunoperoxidase technique was used. Endogenous peroxidase activity was quenched with 3% H 2 O 2 for 30 min in the dark. Sections were subjected to antigen retrieval by microwaving the sections in 10 mM citrate buffer (pH 6.0) for 10 min at 95C-100C and allowed to cool for 1 hr at room temperature. After incubation for 10 min in a blocking solution (10× phosphate-buffered saline [PBS] and 2% normal horse serum) to control background staining (Histo-Plus kit; Zymed, San Francisco, CA), sections were incubated for 30 min with primary antibody rabbit polyclonal anti-CASP-3 antibody (diluted 1:100, cat. no PAA626Ra02, Uscn Life Science Inc, China), rabbit polyclonal anti-CD133 antibody (diluted 1:200; Abnova, cat. no PAB12663, Taipei, Taiwan), or rabbit polyclonal anti-VEGFA antibody (diluted 1:100; cat. no PAA143Ra71, Uscn). Dilutions were made with antibody diluent (TA-125-UD; Lab Vision Corporation, Medical laboratory, Fremont, CA). Peroxidase activity was demonstrated by incubation with the substrate chromogen DAB (3,30-diaminobenzidine tetrahydrochloride). The sections were rinsed in PBS and left overnight (1:200) in a humidified chamber at 4C. Then, they were washed twice in PBS. The secondary antibody was an antirabbit antibody kit (code no: Ko773, lot [code no: P0448]). Sections were covered with biotinylated secondary antibody for 30 min and then washed in PBS. Then, a peroxidase-labeled avidin/biotin solution reaction (Novo Stain Super ABC Kit; Novocastra, Newcastle upon Tyne, UK) was applied for 45 min, followed by washing with PBS. Finally, freshly prepared DAB (3,39-diaminobenzidine tetrahydrochloride; Sigma, St. Louis, MO) was added for 4 min followed by Mayer's hematoxylin as a counterstain. The sections were washed, dehydrated, mounted, and examined. For the negative control, the same steps were followed, but the primary antibody was replaced by PBS. 14 
Image Acquisition and Assessment of the OD 15
Images were captured using a Leica Q-Win digital camera CH-9435 DFC 290 coupled to a photomicroscope (Germany). Images were captured with 40× and 100× objective lenses. ImageJ v2. 35 (NIH) was used for brightness adjustment, to identify the presence and the extent of the expression of prom1 and VEGFA in the DAB images, and for data collection (Fig. 1 ). An ImageJ plugin was run to analyze the cytoplasmic staining by assigning a histogram profile for the deconvoluted DAB image using H-DAB-vector to yield three differently colored images: green, brown, and blue. Calibration of the DAB images (brown-colored) was performed by measuring the mean intensity of five non-overlapping areas of the stained tissue. The uniformity of section thickness was considered for legitimate comparisons using this approach. The empty areas were omitted from the measurements to not bias the outcomes. To convert the intensity numbers into OD, we applied the following formula:
where the max intensity = 250; mean intensity = mean gray value.
Assessment of the Histopathological Changes of the Retina
The common histopathological criteria associated with DR are (1) endothelial cell damage, (2) pericyte loss, (3) acellular degenerated capillaries representing basement membrane tubes lacking cell nuclei, (4) increased capillary basement membrane thickening, (5) decreased number of ganglion cells in the ganglion cell layer (GCL), (6) apoptosis of the inner nuclear layer (INL), and (7) apoptosis of the outer nuclear layer (ONL) [16] [17] [18] [19] [20] [21] (Fig. 2 ). In the present study, we evaluated the histopathological changes in the diabetic group compared with controls. The first five structural changes were evaluated by examining 10 overlapping fields of the semi-thin sections at a magnification of 1000× and confirmed by TEM examination. Ganglion cells, which are characterized by a round or oval nucleus with condensed heterochromatin and at least one prominent nucleolus, were counted. 22, 23 According to Qin et al., 24 DR is characterized by −17% loss of ganglion cells compared with controls. In the present study, the mean ganglion cell count in the control group was 16 ± 0.34, and thus, <13 cells per field was considered a positive histopathological change.
For statistical analysis, to correlate the tissue levels and immunoexpression of prom1 and VEGFA in the retina with the histopathological changes due to hyperglycemia, a simple histopathological index, Diabetic Retinopathy Histopathological Index (DRHI), was calculated to provide an objective measure of the magnitude and extent of DR in the study animals.
First, a semiquantitative score was given based on the absence (= 0) or presence (= 1) of each of the histopathological features of DR. Then, the total of these scores as measured in the examined 10 fields was used to calculate the total case score and then applied to each study group. DRHI was calculated using the following formula:
DRHI % = Total score x 100 7 x 10 , ( ) where 7 was the number of histopathological changes assessed in the retina of normoglycemic and hyperglycemic rats; 10 was the number of fields evaluated in each retina. 25 
Statistical Analysis
Results are expressed as the mean ± standard error (SE). Comparison of the studied variables between the control and diabetic groups was performed using an independent t-test. The p values less than 0.05 were considered statistically significant. Correlations among DRHI, prom1, and VEGFA were plotted, and the Pearson's correlation coefficients were labeled.
Results
Survival Rate of Animals
The animals in the control group had no deaths, whereas one rat in the hyperglycemic group passed away 2 months following the final dose of STZ.
Assessment of the Tissue Levels of Prom1 and VEGFA
ELISA analysis of the retinal homogenates revealed that the tissue level of prom1 was significantly elevated in the samples from diabetic rats (19.7 ± 0.97 pg/ml) compared with control rats (12.6 ± 1.06 pg/ml; p<0.001). Furthermore, the tissue level of VEGFA was significantly elevated in the diabetic group (27.8 ± 1.22 pg/ml; p<0.001) compared with the control group (15.6 ± 1.03 pg/ml; p<0.001; Fig. 3 ).
Histological Results
Control retinal tissues showed a normal arrangement of retinal layers. The retinas were arranged into pigmented epithelium (PE), PRs, an ONL, an outer plexiform layer (OPL), an INL, an inner plexiform layer (IPL), and a GCL (Figs. 4A and B). Compared with controls, hyperglycemic retinas showed apparent alterations in histological structure. There was a reduction in the number of ganglion cells, which contained shrunken pyknotic nuclei and disrupted PRs. The thin ONL and the INL showed desquamation of the cells with multiple pyknotic nuclei and widening of the intercellular space. Moreover, focal displacement of cells of the INL to IPL was apparent. The nuclei of vacuolated ganglionic cells were shrunken, pyknotic, and widely dispersed. Congested blood vessels were detected in the optic nerve layer (Figs. 4A-C) . PAS-stained sections revealed discrete glycogen granules throughout the retinal neuropil in both the neurons and glial cells of the control group. The hyperglycemic group had highly localized dense deposits of glycogen that were consistently found throughout the inner segments of the PR cells and in small cell processes within the IPL. Glycogen deposits were occasionally found in cell bodies within the GCL (Figs. 4D and E).
Masson's Trichrome stained sections in the control group showed a thin Bruch membrane and few collagen fibrils distributed throughout the retinal layers. The diabetic group showed thickening of the Bruch membrane and the appearance of many collagen fibers in the GCL, IPL, and INL (Figs. 4F and G) .
Immunohistochemical Analysis
Immunohistochemical sections revealed moderate expression of prom1 in the GCL, IPL, and in the inner segment of the PRs. Prom1 was weakly expressed in the IPL and INL of the control group. Compared with the control group, the diabetic group showed robust expression of prom1 in the GCL, INL, inner segment of the PRs, and in the endothelium of blood vessels, but only moderate expression in the IPL and ONL. VEGFAimmunostained sections from the control group showed a strong reaction in the GCL and a weak reaction in the PR and vascular endothelium. Diabetic sections showed a strong VEGFA reaction in the GCL, IPL, INL, OPL, PR, and in the retinal and choroidal blood vessels (Fig. 5) .
In addition, statistical analysis of the data showed a significant increase in the OD of prom1 expression in the hyperglycemic retina (0.15 ± 0.005) compared with controls (0.09 ± 0.007; p<0.001). Furthermore, there was an increase in the OD of VEGFA expression in hyperglycemic retinas (0.1 ± 0.01) compared with controls (0.06 ± 0.007; p=0.031; Fig. 6 ).
As shown in Fig. 7 , there was a significant correlation between the ODs of prom1 and VEGFA immunostaining (r=0.544; p=0.002) and between their tissue levels (r=0.568; p=0.001).
Study of the DRHI
A descriptive analysis of different histopathological changes indicating retinopathy is shown in Table 1 . The scores of the histopathological changes (= sum of scores in the 10 examined fields) were significantly higher (p<0.05) in the diabetic retinas compared with control retinas. In addition, DRHI was significantly higher in the diabetic group compared with the control group (p<0.001).
Among the control retinal tissues, DRHI was correlated significantly with the OD of prom1 (r=0.729; p<0.001) and the OD of VEGFA (r=0.416; p=0.025). Likewise, significant correlations were detected between the DRHI and the tissue levels of prom1 (r=0.715; p<0.001) and VEGFA (r=0.712; p<0.001) (Fig. 8 ).
Discussion
Our results provide new insight regarding the modulation of the tissue levels and immunoexpression of prom1 and VEGFA in the retina of STZ-induced diabetic rats with regard to the regulation of cellular and extracellular microenvironments.
Histopathological examination of hyperglycemic retinas revealed multiple structural alterations in all layers, including the neural and vascular structures. These changes indicate the development of retinopathy related to neuropathy and vasculopathy due to hyperglycemia and were quantitatively interpreted as a significant increase in the total histopathological score and DRHI in diabetic retinas compared with control retinas.
The predominant vascular changes include the thickening of the basement membrane and damage of the endothelial cells of the retinal capillaries. Those findings are consistent with those reported in a previous study of Curtis et al., 26 which related these changes to the development of retinal ischemia.
Neuropathy is a prominent feature in diabetic retinas and manifests as an increase in the apoptotic activity of neurons as evidenced by strong CASP-3 immunoreactivity in the retinal ganglion cells and in the inner and ONLs. Abu El-Asrar et al. 27, 28 reported that diabetic retinas initiate some molecular remodeling involving mechanisms that regulate neuronal survival and apoptosis through the expression of many antiapoptotic and proapoptotic mediators as well as through the upregulation of some mitochondrial proteins.
An examination of the VEGFA-immunostained sections revealed immunopositivity in most of the layers of the retina and in the endothelium of the blood vessels of control and hyperglycemic specimens. Furthermore, the tissue level of VEGFA was significantly higher in hyperglycemic rats compared with controls; the cells of the retina over-expressed VEGFA. These findings are in agreement with many recent studies. [29] [30] [31] Moreover, the observed significant correlation between DRHI and both the tissue levels and immunoreactivity of this growth factor supports these findings.
Upregulation of VEGFA in the diabetic retina can be explained by retinal ischemia secondary to retinal vasculopathy. Other mechanisms that have been shown to be involved include inflammation, tissue hypoxia, 32 oxidative stress, 33 and impaired function of EPCs. 34, 35 VEGFA is thought to drive the vascular changes associated with hyperglycemia. It promotes endothelial cell proliferation leading to angiogenesis and neovascularization in ischemic tissues. In addition, it activates EPCs, which take part in pathological neovascularization and the production of other angiogenic factors. 36, 37 Thus, this may explain the endothelial dysfunction observed during hyperglycemia.
Examination of the diabetic sections revealed the presence of new blood vessels together with increased collagen fibers. Glial cells mostly have neuroprotective and supportive functions in the retina while angiogenesis is important in tissue healing. However, under conditions of inflammation and hypoxia-driven neovascularization, glial cells contribute to fibrotic scar formation that may lead to sub-retinal scarring or traction detachment of the retina. 38 Thus, fibrosis is linked to the vascular changes due to hyperglycemia. Thus, the prevention of diabetic vasculopathy is an appropriate target to preserve retinal structure and function.
In the present study, we characterized the localization of prom1 in different retinal layers of control and diabetic rats. Prom1 is expressed in the PR cells, INL, and in the vascular endothelium. Our findings are largely in agreement with recent studies describing the localization of prom1 in non-epithelial cells, such as PR cells 39 and in many differentiated epithelia.
5,40
Accordingly, an important function for prom1 in the retina has been proposed. Zacchigna et al. 40 reported an essential role of prom1 in regulating the integrity of PRs in different species. Accumulating evidence has suggested the specific localization of prom1 in the membrane evaginations of rod cells. These evaginations represent essential precursors in the biogenesis of PR disk membranes that are continually renewed through adult life. 41, 42 Corbeil et al. 42 highlighted the interaction between prom1 and membrane cholesterol in the generation of plasma membrane evaginations at the base of the outer segment of rod PR cells. Thus, prom1 could be considered as a neuroprotective element for the retina. In accordance with this hypothesis, previous studies have reported that mutations in prom1 cause some retinal diseases, such as retinitis pigmentosa. 43 The present study found significantly higher prom1 tissue levels and immunoreactivity in diabetic rats compared with controls. Both the tissue level and OD of prom1 were significantly correlated with the pathological changes of the retina as revealed by DRHI. These findings indicate that prom1 changes along with alterations in the microenvironment. In support of the hypothesis of increased prom1 in diabetic retinas, Chen et al. 44 reported the continuous release of prom1 from the plasma membrane into the cytoplasm in both complete and low glucose media, whereas Yang et al. 43 reported that prom1 is related to cell metabolism as a glucose responsive gene in myotubes. Consequently, the intrinsic functions of prom1 could be affected by the metabolic changes evoked by hyperglycemia and may be involved in the associated neuropathy.
Although these interpretations do not provide a complete understanding of the function of this protein, they do suggest that retinal neurons possess protective mechanisms to guard against apoptosis. Increased prom1 levels indicate that retinal neurons tend to be maintained for the entire life span of an individual by promoting neuroprotective elements, such as prom1. Similarly, retinal ganglion cells invoke a survival response to several growth factors after axotomy through an intracellular signaling (PI3-kinase/Akt) pathway that mediates and regulates the cell cycle. 45, 46 Interestingly, prom1 has been described as a marker to identify immature EPCs. 47 Thus, another possible explanation for prom1 upregulation in diabetic retinas is the increased number of immature EPCs honing to the retina as one of the sites of injury in diabetes to promote tissue healing, although many other factors could affect their reparative ability. 48 However, Mohammad et al. 10 stated that diabetic neuropathy possibly results from loss of neuroprotective factors such as prom1 and from injury to the bloodretinal barrier as well. In contrast to our results, they reported a significant decrease in prom1 in retinal extracts from STZ-induced diabetics due to a proposed interaction between prom1 and gelatinase B/ matrix metalloproteinase-9. Further investigations are necessary to distinguish the functions of prom1 in hyperglycemia and normoglycemia, which might lead to better therapeutics.
Importantly, prom1 is lately considered a marker of stem cells originating from various sources. 4, 5 Consequently, stem cells that were previously described in the retinal PE 49 can express prom1. The increased tissue level and immunoreactivity of prom1 in the diabetic retina could be a marker for the activation of resident stem cells triggered by hyperglycemia to produce the new cells needed to regenerate damaged tissue.
Our data revealed a significant correlation between the tissue levels and OD of prom1 and VEGFA in all specimens. Consistent with our data, recent studies have reported a positive feedback regulation between VEGFA and prom1. Specific localization of prom1 in endothelial cells supports the hypothesis of Adini et al., 50 who demonstrated the ability of prom1 to interact and potentiate the antiapoptotic and angiogenic properties of VEGFA and also demonstrated a direct interaction between prom1 with VEGFA on endothelial cells. They also described a subpopulation of VEGFR2-GFP (VEGFR2-glial fibrillary protein) endothelial cells that co-express prom1, thus substantiating the interconnection between prom1 and VEGFA reported in the present study.
In conclusion, our data revealed the upregulation of retinal tissue levels and immunoreactivity of VEGFA and prom1 during hyperglycemia that could contribute to the development of diabetic vasculopathy and neuropathy. This study provides an experimental basis for future therapeutics.
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